In comparing protein composition of cardiac muscle of normal dogs and dogs with experimental valvular lesions and chronic heart failure, it was found that the concentration of actomyosin was lower in the experimental than in normal dogs. Furthermore, cardiac actomyosin in the experimental animals showed decreased viscosity, decreased viscosity response to ATP, and sedimentation patterns that differed from the normal. E XPERIMENTAL observations on the work of the heart as a pump have provided much of our present knowledge concerning heart failure but have failed to reveal important information concerning the chemical state of the myocardium itself.
The present study was undertaken to evaluate the contractile protein, actomyosin, of heart ventricular muscle in dogs with an experimental condition resembling congestive heart failure as compared to that of normal dogs. EXPERIMENTAL 
MATERIALS
Six apparently normal adult mongrel dogs were used as controls. Another 6 dogs had pulmonary stenosis and, with one exception, tricuspid insufficiency produced surgically by methods described by Baronofsky and his coworkers. 1 ' * These dogs developed the following signs of congestive heart failure: (a) ascites and peripheral edema, which was first noticeable at three to four weeks, and which was maximal about three months post-operativelythis was reflected by a weight gain (table 1) This work was supported in part by research grants from the National Heart Institute, National Institutes of Health, U. S. Public Health Service, I.he Graduate School, University of Minnesota and I ho Life Insurance Medical Research Fund.
Received for publication, December 8, 1954 . sive emaciation; (d) congestion, increased weight and thickening of the capsule of the liver at autopsy; and (e) large, dilated heart (right atrium and right ventricle were most dilated). Control and experimental dogs were sacrificed by anesthetizing them with sodium pentobarbital, quickly opening the chest and excising the beating heart. The excised heart was immediately opened, its chambers washed free of blood with cold tap water and then quickly placed in a glass beaker surrounded by ice. After the pericardium, epicardial fat, and base of the great vessels were removed by dissection, the heart was weighed and then divided into the following parts: right ventricle walls, left ventricle walls, intraventricular septum, and atria. The tissue was kept in the refrigemtor and that not used immediately was divided into small portions, wrapped in Parafilm and stored at -20 C. All extracting procedures on fresh tissues were carried out within three hours of obtaining them.
METHODS
Three muscle samples of the right and two of left ventricle from each dog were analyzed. In many cases the results obtained on fresh muscle were checked using frozen muscle. Dry weight was obtained as per cent total weight by weighing a sample of tissue before and after drying to constant weight (24 horn's) at HOC. Per cent fat-free dry weight was measured by reweighing the dried sample after a double extraction with ethyl ether according to the method of Lowry and Hastings. The method of extraction of actomyosin is described in a previous study. 4 Total nitrogen was determined as previously described '' and non-collngen nitrogen on the muscle homogenates according to the method of Lilienthal and coworkers' as follows: 1 ml. of homogenate was diluted to 5 ml. with 0.05 N NaOH in a centrifuge tube. After mixing, it was allowed to stand for 24 hours, then remixed and centrifuged. Nitrogen was determined on the supernatant by the same method as described above.
Non-protein nitrogen was determined by diluting 3 ml. of homogenate to 10 nil. with 5% trichloracetic acid. After centrifugation, the supernatant was saved and its nitrogen content determined by digestion. Protein nitrogen was obtained by subtracting this value from that for total nitrogen and noncollagen nitrogen, and collagen protein by difference between total and non-collagen protein. Actomyosin was determined by two methods described in detail in a previous study. 4 Enzymatic activity (adenosinetriphosphatase) was measured both on the soluble extract of muscle and actomyosin separated by precipitation by two methods: (a) as rate of phosphorus liberation as previously described 4 and (b) as rate of hydrolysis of ATP by measuring the time-course of viscosity after addition of ATP. To 2 ml of actomyosin solution containing 2 to 5 mg. of protein per ml. were added 2 ml. of glycine buffer, pH 9 2, and then 0.02 ml. of 5 per cent ATP (1.6 X lO-'mM). After thorough mixing serial viscosity measurements were made with temperature controlled at 20 ± 0.1 C. For convenience the point at which the subsequent rise in viscosity was 50 per cent of the initial fall was taken as the end-point of the assay, the point at which ATP is completely hydrolyzed rated actomyosin was studied, 0.02 ml. of 0.L M <;alcium chloride was added to the reaction mixture.
RESULTS
In table 2, there is a comparison of the dogs in the control series and those in the experimental group with respect to heart weight, dry weight, fat-free dry weight and protein composition of ventricular muscle. Consistent differences in actomyosin concentration are noted. These are not related exclusively to differences in water content of the tissue since they are still present when actomyosin is expressed as per cent of total muscle protein.
The same results were noted when actomyosin was expressed in terms of per cent of noncollagen protein and per cent of protein of soluble extract. Since it appears that the composition of the latter is representative of the tissue as a whole 4 , it is likely that the differences noted represent those found in muscle.
Because of the sharp differences between the two groups, the viscosity response was studied more extensively. The viscosity of separated actomyosin of each dog of both groups was determined and its viscosity response to ATP measured. The drop in specific viscosity per unit of protein was consistently less in the experimental group than the control group. This is illustrated in figure 1 in which the change in intrinsic viscosity (v rel -1) C is plotted against protein concentration. The mean values for viscosity number Z, and "ATP sensitivity" as defined by Portzehl et al 6 for both groups are listed in table 3. Again the difference in viscosity change with ATP as expressed by "ATP sensitivity" is noted.
According to Strailb, 7 the drop in viscosity, expressed in this study as "ATP sensitivity," is related to the actin content of the actomyosin preparation. Extraction of actin appears to be related in some measure to the degree of fragmentation and dispersion of muscle tissue in the extraction process. In order to investigate the effect of such factors in the extraction process on the character of the actomyosin in the experimental group of dogs, two experiments were conducted, in each of which the Fio. 1. Change in intrinsic viscosity (*rel -1) (ordinate) as related to protein concentration in solutions of separated actomyosin (abscissa). Samples from 6 control and 6 experimental dogs.
muscle tissue was homogenized for 3, 6, 9, and 12 minutes. The effect on "ATP sensitivity" of varying the duration of homogenization is illustrated in figure 2 . Similar to muscle of normal dogs 4 periods of homogenization of six minutes or more do not appear to affect "ATP sensitivity." It is likely that in this experiment six minutes of homogenization results in sufficient fragmentation of the muscle to provide quantitative actin extraction. Homogenization beyond six minutes did not increase the actomyosin content of protein extracted.
Adenosinetriphosphatase activity was determined on both the primary soluble extract of muscle and on actomyosin separated from it by precipitation. The results of these determinations are given in table 4. In the primary soluble extract, enzymatic activity measured as rate of phosphonis liberation is consistently higher than that measured as rate of ATP hydrolysis. It may be that the rate measured involves enzymes other than myosin adenosinetriphosphatase such as adenylate kinase (myokinase) and creatine phosphokinase.
In most instances the differences between the two groups appear to be insignificant. Consistent differences were found only in relation to the activity of the soluble extract when expressed in terms of unit of actomyosin and in these instances the experimental showed more activity than the control group. Since certain qualitative differences were noted in the actomyosins obtained from the two groups, as judged by the viscosity measurements, it was necessary to study the separated actomyosins more extensively by use of the analytical ultracentrifuge.* Actomyosin for these studies was separated from extracts of right and left ventricular muscle of control and experimental dogs by methods previously described. A Spinco analytical ultracentrifuge model E was used with temperatures varying between 16 and 22 C and speeds ranging from 35,600 to 59,780 rotations per minute (92,000 to 259,500 g., average).
Four determinations were made on three of the control dogs and four determinations on three of the experimental dogs. The sedimentation pattern was photographed at three or four dilutions. Results were similar in all of the control animals, actomyosin sedimented as a rapid peak and only one peak was seen as is illustrated in figure 3A . Figure 3B illustrates the pattern seen in all determinations on the experimental dogs. Two distinct peaks were present. One of these was rapid and moved at the rate of actomyosin as noted in the control dogs. The other boundary was slow with a SwwC = 0 of about 6 to 7.
A constant finding in early studies was a marked turbidity which cleared rapidly during complete. No boundary was associated with its disappearance. This turbidity was removed in all subsequent runs by preliminary centrifugation in a Spinco preparatory ultracentrifuge, model L with rotor number 40, at 15,000 r.p.m. (14,830 g. average) for twenty minutes. This initial treatment reduced the protein concentration 0.2 to 0.3 mg. per ml. but had no ptTeefc on viscosity or viscosity response to ATP. The sedimentation rate was measured as rate of movement of the boundary and this was corrected for the density and the viscosity of the solvent (0.5 M KC1) and to constant temperature as follows: Effect of Digitalis. In three dogs in which heart failure followed experimental valvular lesions the effect of treatment with digitalis on actomyosin was studied. All had elevated right atrial pressures post-operatively and two had ascites and edema (table 5). Digitoxin 0.2 mg. per day was given for three days and then continued as 0.1 mg. for from 60 to 73 days at which time the animal was sacrificed. The diet and environment were not altered in any other way, except that in one dog (ID) abdominal paracentesis was performed on one occasion. Autopsy findings were similar to those of the main experimental group.
Two samples of right and two of left ventricular muscle were analyzed in each case (table 6 ). These findings indicate that digitalis did not modify the changes in actomyosin in these dogs. In dog ID, sacrificed in extremis, the muscle homogenates were very foamy. The changes in actomyosin with respect to the viscosity data were most marked in this dog.
Sedimentation characteristics were studied in dogs ID and 3D. The second slow boundary noted in the case of the untreated experimental dogs previously studied was found in both of these but was most marked in dog ID (figure 5 ).
DISCUSSION
The findings on actomyosin suggest an altered state of this protein in the hearts in congestive failure, probably a partial dissociation or depolyimerization. This conclusion is strongly supported by the following combination of findings with respect to the experimental dog hearts: (a) decreased actomyosin concentration, especially when measured viscosimetrically; (b) a slow peak, similar to that of myosin, on sedimentation diagrams; (c) consistently decreased "ATP sensitivity" and intrinsic viscosity of actomyosin.
Furthermore, since myosin has adenosinetriphosphatase activity but contributes much less to viscosity than does actomyosin, this interpretation also explains the increased adenosine-triphosphatase activity per unit of actomyosin in the experimental group. In this regard, it should be noted that units of actomyosin were based on viscosimetric measurement in expressing this enzyme activity.
It is not possible, of course, to bridge the gap between these data obtained on extracts of heart muscle and the actual conditions in the living myocardium. One is tempted, however, to speculate concerning the possible relationship of certain findings. While none of these hearts were hypertrophied as judged by the heart-weight/body-weight ratio, all hearts in the experimental series were dilated. The effect on actomyosin of the over-stretching of muscle is not clear. It has been observed that a muscle stretched rapidly and held at constant length loses its intrinsic double refraction in time. 9-l0 This indicates a change in the st ructu re of the contractile protein. The birefringence of actomyosin is related to the same intrinsic molecular characteristics which are responsible for its viscosity, i.e. its length and axial asymmetry. Double refraction and viscosity both change abruptly when actomyosin is dissociated to its components, actin and myosin, as when ATP is added. For these reasons, it is possible that the differences in viscosity found in this study may be the result of dilatation of the heart in the dogs with experimental valvular lesions. Unfortunately, no objective measurements of cardiac diameter were made but the high right atrial pressure in most of the dogs in the experimental group suggests an increase in initial tension and secondarily an increased diastolic volume.
SUMMARY
The protein composition of cardiac muscle in normal dogs was compared with that of dogs with chronic heart failure secondary to surgically produced valvular lesions. In extracts of the homogenized muscle, the experimental group showed, as compared to the normals: (a) a decrease in concentration of actomyosin; (b) decreased viscosity per unit of actomyosin; (c) decreased viscosity response to the addition of ATP.
Sedimentation studies in the ultracentrifuge indicate that these differences may be due to the presence of myosin uncombined with actin in cardiac muscle in chronic heart failure under these experimental conditions. This suggests that in the failing myocardium actomyosin is found in a partially dissociated state. This may be the result of physical changes in the heart such as dilation of the ventricles with overstretching of the muscle bundles.
Digitalis did not appear to influence the changes in actomyosin in cardiac muscle from dogs in congestive failure.
